The properties of atomically monodisperse noble metal nanoclusters (NCs) are intricately intertwined with their precise molecular formula. The vast majority of size-specific NC syntheses start from the reduction of the metal salt and thiol ligand mixture. Only in gold was it recently shown that ligand-exchange could induce the growth of NCs from one atomically precise species to another; a process of yet unknown reversibility. Here, we present a process for the ligand-exchange-induced growth of atomically precise silver NCs, in a biphasic liquid-liquid system, which is particularly of interest because of its complete reversibility and ability to occur at room temperature. We explore this phenomenon in-depth using Ag 35 (SG) 18 
INTRODUCTION Atom-by-atom manipulation of quantum-sized (ca. ≤ 2 nm) noble metal nanoparticles [1] [2] [3] [4] protected with monolayers of organic molecules (typically, thiolates, ─SR, and phosphines, PR 3 ) yields unique size-and structure-dependent optical, [5] [6] [7] chemical, 8, 9 and biological properties. 10 Nanoparticles in this size range exhibit discrete electronic transitions in their optical spectra, akin to molecules, and are often denoted by their molecular formula, rather than their core diameter.
Due to these virtues, quantum-sized nanoparticles, referred to here as nanoclusters (NCs), are also frequently termed 'molecular nanoparticles' or 'nanomolecules.' [11] [12] [13] The emerging opportunities in catalysis, 14 energy, 15, 16 environment, 17 and biology 18 enabled by the small size and often precise nature of these materials has spurred researchers to explore a multitude of synthetic routes to attain them including borohydride and gaseous reduction; 19, 20 26 ; and templated growth in proteins, 27 polymers, 24 and gel cavities. 26 Each of these methods produces size-specific NCs. Unfortunately, these recipes are rigid to varying degrees in their outcomes, and comprise ingredients, conditions, and steps that inadequately map onto deterministic control of NC size (probably due to their complex interdependence). In the long run, tractably mapping the intricate landscape of NC species requires the advent of methodologies endowed with simple knobs, which predictably translate into finely controlled cluster size.
Ligand-exchange on a cluster (i.e., the exchange of outgoing ligands with incoming ligands) is becoming an important approach for post-synthetically altering NC size. Depending on the NC species, ligand-exchange 28 may be partial 29 or complete, 30 with 31 or without 32 altering the metal core. Altered cores are typically a product of cluster growth, 33 but instances of cluster 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 size shrinkage, although rare, were also reported. 34 Neither case was examined for the reversibility or the extension of the process to a generalized cluster-size-tunability method.
Moreover, no significant theory has been proposed to explain the mechanism underpinning such transformations in NCs.
Here, we experimentally designed and theoretically modeled a procedure for the ligandexchange-induced resizing of atomically precise silver NCs. The process occurs at room temperature in an immiscible liquid-liquid biphasic system that is remarkable for its complete reversibility. The method was studied in-depth for the interconvertibility of Ag 35 (SG) 18 [SG= glutathionate] into Ag 44 (4-FTP) 30 . The reaction, depending on its direction, can be rapid and direct or may occur slowly through several transition states of intermediate NC sizes. To gain insight into the underlying mechanism for the size-selective nature of this ligand-exchange process, we modeled these phenomena within the framework of a theory for reverse coarsening. 35 The model fits well with the experimental observations and highlights, among other parameters, the critical role played by small changes in the ligand-metal binding energy in determining the final size of the NC. Based on the insight provided by the model, we demonstrate experimentally that by varying the chemical structure of the incoming thiol ligands, one can tune the size of Ag 35 (SG) 18 to obtain a substantial set of NC sizes beyond Ag 44 (4-FTP) 30 . Our findings showcase ligand-exchange as a versatile tool to explore the landscape of NC sizes, akin to size focusing in gold NCs, 22 and provides a straightforward lever for controlling the final NC size by varying the incoming ligand. Given the diversity of metalligand interactions, this study will motivate researchers to pursue ligand-exchange as a means of generating novel NC systems in other hitherto unexplored elements.
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Synthesis of Ag 35 (SG) 18 NCs
Using a pestle, 23 mg of AgNO 3 was ground in an agate mortar with 200 mg of HSG powder, followed by grinding with 25 mg of NaBH 4 . 36 The reduction of silver thiolates caused it to change from a white to a gray powder. Clusters formed and precipitated after the addition of deionized (DI) water and excess methanol. Next, the precipitate of clusters was washed several times with methanol and then dissolved in 10 mL of DI water. This mixture was left for 36-48 h to allow for size focusing. The cluster solution was centrifuged (at 8500 rpm for 5 min) and the supernatant was concentrated by rotary evaporation. Subsequently, the NCs were precipitated and washed with methanol to remove excess ligand, silver thiolates, and other impurities that had resulted from the size-focusing step. Thus obtained clusters show a spectacular absorption band at 490 nm.
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To start, approximately 12.5 mM DCM solutions of all thiol ligands were prepared separately.
Next, 1.5 mg of TPPB in 200 µL of CH 3 OH was added to 1 mL of DCM. To this mixture, 400 µL of 12.5 mM ligand solution was introduced; 1 mL of silver cluster (~4 mg/mL DI water) was added and stirred for 5-10 min. A deepened color in the DCM phase indicated the exchange of ligands. The DCM layer was separated and centrifuged. The supernatant was concentrated, and clusters were precipitated by adding methanol or isopropanol. The precipitate of clusters was washed several times with methanol to remove any excess ligand. The conversion yields (wt%)
were calculated based on the masses (mg) of the initial and final clusters.
Synthesis of Ag 44 (MNBA) 30 NCs
Ag 44 (MNBA) 30 NCs were synthesized according to ref [37] . Briefly, 10 mg of DTNBA was subjected to cleavage of its S-S bond to give 5-mercapto-2-nitobenzoic acid (MNBA) in 15 mL of 1 M NaOH solution for 40 min. Next, 2 mL of 25 mM aq. AgNO 3 was added and stirred.
After 5 min, the NaBH 4 solution (1 mg in 1 mL of DI water) was added, resulting in a black solution. The reaction solution was stirred for 6 h. The NCs were precipitated by adding excess methanol and cleaned 3-4 times by repeated dissolution in 1 M NaOH, followed by precipitation with methanol.
Synthesis of Ag 44 (4-FTP) 30 NCs
The Ag 44 (4-FTP) 30 NCs were obtained through the ligand-exchange of Ag 44 (MNBA) 30 with 4-FTP, as per the literature. 30 Briefly, 200 µL of CH 3 OH containing 1.5 mg of TPPB was added into 1 mL of DCM; 2 µL of 4-FTP was added to the above mixture. Next, 0.5 mL of Ag 44 (MNBA) 30 NCs (~10 mg/mL) in 1 M NaOH solution was added and stirred at 1000 rpm for 30 solution (5 mg/mL) in DCM. To this, an additional 1.5 mL of DCM was added and 750 µL of 10 mM HSG solution and 2 mL of DI water were added and stirred at 1200 rpm.
After 4-5 h of ligand-exchange, the aqueous layer was centrifuged at 5000 rpm and the cluster in the supernatant was precipitated by adding methanol, followed by centrifugation at 10000 rpm.
The precipitate of clusters was washed several times with excess methanol to remove any excess HSG.
Polyacrylamide gel electrophoresis of Ag 35 (SG) 18 and HSG-exchanged products of Ag 44 (4-FTP) 30 We used a gel electrophoresis unit with a 1.5-mm thick gel; the total contents of the resolving and stacking gels were 30 and 5%, respectively. The eluting buffer consisted of 190 mM glycine and 25 mM tris-base. The aged Ag 35 (SG) 18 cluster was dissolved in a 5% (v/v) glycerol-water solution at a concentration of ~8 mg/mL. The sample solution (~100 µL) was loaded onto the gel and eluted for 7 h at a constant voltage of 300 V using coolant at 0 °C. Similarly, PAGE separations of HSG-exchanged products of Ag 44 (4-FTP) 30 were also performed.
Characterization
UV-vis absorption measurements were performed using a JAZZ spectrophotometer (Ocean Optics). Photoluminescence measurements were performed on a Jobin Yvon NanoLog µL of the matrix and spotted on the target followed by drying in ambient conditions.
Sedimentation velocity-analytical ultracentrifugation measurements were performed using an Optima XL-A analytical ultracentrifuge from Beckman Coulter at 40000 rpm with an absorbance optical detection system and an An-60 Ti rotor. Samples were run at 20 o C and data were analyzer. The oven and furnace temperatures were maintained at 75 and 950 o C, respectively, using He carrier gas at a flow rate of 140 mL/min. Scanning electron microscopy with energy dispersive analysis of X-ray (SEM EDAX) spectra of NCs deposited on silicon wafers were collected using field-emission scanning electron microscope (FEI Quanta 600).
RESULTS AND DISCUSSION
Characterization of Ag 35 (SG) 18 NCs
Ag 35 (SG) 18 NCs were synthesized according to the literature 36 (see the experimental section for a detailed description of cluster synthesis and Figure S1 in the Supporting Information (SI) for its optical absorption and photoluminescence spectra). The molecular formula of the cluster was obtained using high-resolution ESI MS ( Figure 1 ). A high intense peak of m/z 1856, which matched that reported in the literature (m/z 1856) 38 , was observed with a 5-charge with a characteristic peak separation of m/z 0.2, corresponding to Ag 35 (SG) 18 as the best possible compositional match. We assumed that the removal of 5H (i.e., [Ag 35 (SG) 18 -5H] 5-) would result in an exact match between the simulated and experimental mass spectra (inset of Figure 1 ). The charge state of 5-and composition was further confirmed by the observation of a peak at m/z 1860.4 due to a sodium adduct. Other minor charge states (4-and 6-) were also apparent in the ESI MS. However, only the single-crystal X-ray structure determination of the cluster would make it possible to confidently ascertain the magnitude of its core charge. A minor peak at one silver less from the formula i.e., [Ag 34 (SG) 18 -5H] 5-was also observed ( Figure 1 and Figure S1B 18 NCs was then added to this mixture and subsequently stirred at room temperature Ligand-exchange-induced growth of Ag 35 (SG) 18 into Ag 44 (4-FTP) 30 The purified ligand-exchange-induced product of Ag 35 (SG) 18 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 was the organic-soluble ligand (i.e. RSH=4FTP) used in the exchange. The RSH concentration is critical for a given amount of Ag 35 (SG) 18 to obtain a stable ligand-induced product in solution.
The products were unstable when low and high 4-FTP concentrations were used in exchange, whereas the product Ag 44 (4-FTP) 30 washed repeatedly using methanol to remove excess HSG. Finally, the precipitate of the cluster Figure 3B and Figure S8 in SI for an expanded mass range), whereas the reversed Ag 35 (SG) 18 like cluster displayed peaks corresponding exclusively to Ag 35 (SG) 18 and its fragments under ESI 18 as the main product, mass peaks for AgSG complexes were also observed in the low-mass region, probably as byproducts. These observations suggest that intermediates such as Ag 37 (SG) 21 and Ag 36 (SG) 20 were formed during ligand-exchange and then ripen selectively into Ag 35 (SG) 18 , thus confirming that Ag 35 (SG) 18 is formed reversibly. Ag 35 (SG) 18 , and Ag 34 (SG) 18 are shown in Figure S8 in the SI. It is also worth noting that as a control, we separately studied the transformation of Ag 44 (4-FTP) 30 to Ag 35 (SG) 18 , starting from Ag 44 (4-FTP) 30 , which was synthesized based on a previously published report, 30 in addition to Ag 44 (4-FTP) 30 , which was obtained by ligandexchange from Ag 35 (SG) 18 , as described in the previous section. In both cases the NCs behaved and transformed identically. Results from these experimental observations present consistent evidence that the reversible transformation of atomically precise silver NCs can be induced by ligand-exchange. Growth of Ag 35 (SG) 18 to Ag 44 (4-FTP) 30 occurs rapidly in a single step via ligand-exchange, whereas its reverse reaction proceeds slowly through metastable cluster sizes.
The convergence or size focusing of metastable clusters into Ag 35 (SG) 18 is believed to occur by mass transfer from one cluster to the other (see the theoretical model in next section). The important findings are depicted in Scheme 2. 
Theoretical model for ligand-induced resizing of NCs
The experimental results described above pose a central question: what is the reason and mechanism behind the ligand-induced NC resizing from one narrow size distribution to another?
One expects Ostwald ripening to initially (upon nucleation) cause the size distribution of clusters in a conservative system to broaden with time, while organic ligands inhibiting broadening.
However, why and how the size distribution can be narrowed remains unclear. Therefore, we developed a model to explain the NC resizing phenomenon that occurs during ligand-exchange that fits within the general framework of reverse coarsening. In our model, the only way that cluster sizes may change is due to mass transfer between existing clusters; it is unlikely that new clusters will be nucleated during ligand-exchange. Classical coarsening, or Ostwald ripening, is driven by the tendency of the total surface energy of the cluster ensemble in a solution to decrease towards a minimum. In the case of solution-containing ligands, the binding of the ligands to the surface atoms contributes to the surface energy (γ) of the atomic clusters and can produce a negative surface energy if the ligand-surface binding energy (ε b ) is large enough.
Indeed, this inversion happens when ε b exceeds the binding energy of the surface atom with its missing neighbors. In such circumstances, the atomic chemical potential of smaller clusters is smaller than that of the larger ones, which drives atomic migration from large to small clusters.
Such an effect is the opposite of the typical classical phenomena of Ostwald ripening and is thus termed reverse coarsening. 35 The ligand-free surface energy of metallic clusters is always positive (γ>0) and depends on cluster size such that smaller clusters have a higher γ.
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Chemistry of Materials   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Therefore, the size of clusters with bound ligands, and in thermodynamic equilibrium with the solution, is finite and depends on both ε b and γ. Any shape and geometry effects of the ligands, all empirically known parameters seen to influence cluster size, 44 can effectively be included in the ε b , which for the sake of simplicity is assumed to be a scalar quantity in our treatment here.
Given the outlined concepts and assumptions, the time evolution of spherical atomic NCs can be described by the classical Ostwald ripening process by taking into account the size- 
where K is a kinetic constant, is the Gibbs-Thomson concentration, and n is the mean field concentration of atoms in the solution. The latter is determined using mass conservation for all clusters 35 . (2) The Gibbs-Thomson concentration is the concentration for which the cluster is in equilibrium with its surrounding solution and is determined from the equation 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 where ε is the atomic cohesive energy, ( ) is the size-dependent (ligandfree) surface energy, is the effective surface energy renormalized by molecular ligands, n L is the concentration of ligands in the solution, and ε b is the atom-ligand binding energy (all energy parameters are given per atom). Using Eqs (1)- (3) Qualitatively, the existence of a stable ensemble of identical clusters where cluster size is dependent on atom-ligand binding energy can be understood as follows: a high reduces cluster size to ensure a higher surface-to-volume ratio, which maximizes the number of bound ligands. On the other hand, the surface energy increases with decreasing R, which tends to increase the cluster size towards a lower surface-to-volume ratio. [41] [42] [43] An equilibrium is reached when the two effects balance each other for some cluster radius. Interestingly, this equilibrium happens only when all clusters are identical and thereby have the same chemical potential for their constituent atoms. If the is lowered by replacing ligands, then the balance is achieved at a lower value of , corresponding to a higher value of the cluster radius R.
According to this model, ligand replacements that affect ε b can change the cluster size.
This effect is illustrated in Figure 4 , which shows that the decrease in the ligand-atom binding energy from down to results, at almost any point in the clusters' 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 evolution, in an increase of equilibrium cluster radius. Physically, this process occurs by smaller clusters supplying their mass to larger clusters for the latter to reach an equilibrium value. If, however, the reverse process is initiated, the dependence is not as simple. When is increased, the final equilibrium value of the cluster radius depends on the point in the evolution curve where the ligand-exchange began. In this instance, larger clusters will transfer their mass to smaller ones to ensure thermal equilibrium. A problem arises when most of the smaller clusters have grown and only a few remain to accommodate the mass of the larger ones. This exceeding mass, which resulted from dissolved bigger clusters, generates the super-saturation of the solution. In order to achieve true equilibrium, extra clusters have to nucleate and consume the solution super-saturation. This nucleation, however, may take much longer to achieve. Such a picture is qualitatively consistent with the experimental observations described above in which the downsizing of clusters ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 the various clusters shown in Figure 6 demonstrate the effectiveness of ligand-exchange in tuning the sizes of NCs. Moreover, based on the observation of nearly singular peaks in the mass spectra, it is reasonable to assume that the clusters formed are likely to be monodisperse. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25
CONCLUSION
We presented a ligand-induced strategy for the size tuning of silver NCs. By studying this transformation in detail in Ag 35 (SG) 18 and Ag 44 (4-FTP) 30 , we showed that it is a reversible transformation that can lead to either growth [Ag 35 (SG) 18 
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